In this two-part study, we present a new perspective on the activities of British biochemist Frederick Gowland Hopkins (1861Hopkins ( -1947. The title shared by the two papers -'The Making of a Biochemist'-refers first of all to Hopkins' career and his articulation of a dynamic approach to biochemistry, which Hopkins promoted actively for over twenty-five years. This is the subject of our first paper. The title also refers to the construction of a view of Hopkins by others, including his peers, his younger colleagues, and historians of biochemistry. These constructions, and the extent to which they do and do not accord with Hopkins' own endeavours and intentions, form the subject matter of our second paper, which will appear in the October issue.
substance to Hopkins' vision over the years, in a series of reciprocal reinforcements. In other words, we present Hopkins' construction of dynamic biochemistry as a long-term process, in which new directions of research and new rhetorical emphases were interlinked.
We also draw attention to Hopkins' formulation of a past tradition, in which he mapped out a path towards his own novel style of dynamic biochemistry, and we suggest that his presentation of that past tradition should be seen as part of his endeavours to create a future for his dynamic biochemistry. Our account is the first to demonstrate the coherence between the scientific, the rhetorical and the historical dimensions in Hopkins' construction of dynamic biochemistry. We consider how that coherence was maintained and consolidated over time, especially by the ways in which Hopkins stressed issues of unification in his presentations of dynamic biochemistry as the fundamental science of life.
Hopkins continued to promote his unifying, dynamic biochemistry persistently, long after he had acquired a secure institutional footing. In our companion paper, we explore the question why this central feature of Hopkins' endeavours has, to date, received so little attention in the history of biochemistry. We approach that question by examining reputations ascribed to Hopkins by others in his circle, and by considering the ways in which these reputations have been adopted by historians. The two papers together offer a substantial revision of the views of Hopkins that have been disseminated among biochemists and among historians.
Hopkins' Biochemistry in the Making Through most of his career, Hopkins was in demand as a public lecturer, and his addresses provide important insights into his efforts to promote biochemistry as a fundamental science of life. In looking at Hopkins' public addresses systematically, we have been able to identify recurring themes as well as shifts in content or emphasis, bearing in mind also the phase of Hopkins' career during which particular lectures were given, the nature of the occasions on which they were delivered, and the kind of audiences to which they were addressed.3
Hopkins' earliest surviving public statement of his aims for biochemistry is the renowned address, ' The dynamic side of biochemistry', which he delivered, as Section President, to the Physiological Section of the British Association for the Advancement of Science at its 1913 meeting in Birmingham.4 Before then, Hopkins' public lectures to 3 We have examined all extant texts of Hopkins' this publication throughout.) Also published in public lectures (over 50 in number), dating from Nature, 1913, 92: 213-23; and, in slightly 1900 to 1938 . Most of them were published shortly abbreviated form, in the Lancet, 1913, ul: 851-7 , and after they were delivered. Of the 15 addresses in the British Medical Journal, 1913, ii: 713-17 1913, pp. 652-68. (Our page references are to scientists and physicians invariably stressed the importance of chemical research for medical science, regardless of his precise subject matter or his audience. At that stage, Hopkins was concerned above all with raising the profile of the chemist's contributions to physiology and pathology. The 1913 address, by contrast, signifies a radical break.5 Here medical matters were barely touched on. Instead, the lecture amounted to a biochemical "manifesto", presenting an ambitious vision of what biochemistry could and should be, with the explicit aim of inspiring potential recruits.
Hopkins' address to the British Association received very wide publicity in the national, medical and scientific press, and it has come to be regarded as a seminal point in the making of British biochemistry. In re-examining the content of Hopkins' lecture, we focus on its dominant themes of chemical simplicity and chemical dynamics, with a view to examining their relationship to Hopkins' own research of the previous two decades.
The Dynamic Side of Biochemistry
In his 1913 address, Hopkins presented biochemistry as being centred on the investigation of chemical changes involved in fundamental biological processes: the biochemist does not merely identify substances isolated from the animal, but studies the reactions in which these substances take part in the body, and the ways in which these reactions are controlled and coordinated. This is what Hopkins called the dynamic side of biochemistry. He molecules by the old slogan that "Thierchemie is Schmierchemie", or by mystifying notions of giant molecules or "biogens" of unstable and intractable constitution. At the same time, in the living animal these simple molecules undergo change, and for Hopkins it was these changes that form the proper subject matter of the new biochemistry. By elucidating the nature of all intermediary substances in a chain of reactions, the chemist could make major contributions to our understanding of the dynamics of the living cell. That pursuit did not merely involve identifying the molecules taking part in intermediary metabolic reactions, but also studying the control of these reactions, notably by enzymes, and their organization within the cell. Far from advocating a crude chemical reductionism, Hopkins viewed the living cell as an organized, highly differentiated system of interdependent processes in dynamic equilibrium:
It is important to remember that changes in any one of these constituent phases ... must affect the equilibrium of the whole cell-system, and because of this necessary equilibrium-relation it is difficult to say that any one of the constitutent phases ... is less essential than any other to the "life" of the cell ... Certain of the phases may be separated, mechanically or otherwise, as when we squeeze out the cell juices, and find that chemical processes still go on in them; but "life", as we instinctively define it, is a property of the cell as a whole, because it depends upon the organisation of processes, upon the equilibrium displayed by the totality of the co-existing phases.7
Hopkins thus presented an integrated picture of the chemical dynamics of the living cell, appealing to physicochemical equilibrium dynamics as well as analytic organic chemistry. He further stressed the great variety of specific catalytic phenomena of the cell. Yet he used the resulting complexity as an incentive for chemists to look for an underlying simplicity which, he suggested, remained to be discovered:
The very complexity, therefore, which is apparent in the catalytic phenomena of the cell to my mind indicates that we must have here a case of what Henri Poincare has called la simplicite' cache'e. Underlying the extreme complexity we may discover a simplicity which now escapes us. If so, I have of course no idea along what lines we are to reach the discovery of that simplicity, but I am sure the subject should attract the contemplative chemist, and especially him who is interested and versed in the dynamical side of his subject. If he can arrive at any hypothesis sufficiently general to direct research he will have opened a new chapter of organic chemistry-almost will he have created a new chemistry.8
The fruits of the promised land that awaited the young chemist in the realm of the living cell, then, were potentially very rich indeed. But the chemist, too, should be prepared to act as an integral part of an organized and differentiated whole: Hopkins characterized the subject of biochemistry as a "borderland" where chemical knowledge must be combined with "trained instinct and feeling for biological possibilities".9 Hopkins used the "borderland" metaphor several times and stated that it was a moot point whether its workers were best recruited from the biological or the chemical side. At that juncture, however, he felt that the need was greatest for able young students who had acquired technical skills in chemistry. He also urged them to subject themselves to another discipline for a year or two:
If he merely migrate to a biological institute, prepared to determine the constitution of new products from the animal and study their reactions in vitro, he will be a very useful and acceptable person, but he will not be a bio-chemist.10
For Hopkins, chemistry and biology are unified in the borderland that harbours biochemistry: the chemists and the biologists working in this borderland have different skills to contribute, but, if they are to be biochemists, they must not only share the goal of elucidating the chemical dynamics of biological processes, but be intellectually equipped to appreciate the significance of their joint contributions in the journey towards that goal.
Hopkins' 1913 address was programmatic in tone; yet the dominant themes which he used to stress the importance and promise of investigating cellular metabolism-chemical individuality and simplicity, dynamics and control-express central concerns in Hopkins' own earlier research, as we now aim to show. We shall also pose the question why Hopkins waited until 1913 to bring these concerns into the public domain.
Before the "Manifesto": Hopkins' Early Research in Biochemistry Trained both in analytical chemistry and in medicine, Hopkins began his research career in the 1890s in the laboratories of Guy's Hospital in London. Straddling chemical, physiological and pathological concerns, he there built up a solid reputation for his highly skilled chemical analyses of biological substances, his primary concern being the isolation of substances in pure form as "chemical individuals". Hopkins' research on the chemistry of urine, much of it in collaboration with Archibald Garrod, directly inspired his interest, not only in chemical individuality, but in intermediary metabolism: in "metabolism in compartments" as opposed to "metabolism in block", the latter representing the traditional approach of looking at inputs and outputs, and making (often ill-founded) inferences about what happens in between.11
Between 1890 and 1898, Hopkins published (alone or in collaboration) a dozen papers on urine analysis, culminating in a major review, 'The chemistry of urine', which he was invited to write for the first volume of E A Schafer's widely used Text-book of physiology.'2 In this contribution, Hopkins reviewed contemporary understanding of the subject in relation to its physiological and pathological significance, and indicated directions for future research. The work opens with revealing programmatic statements:
The chemical study of urine gains its chief importance from the light which it throws upon the process of metabolism. It is concerned mainly with a consideration of the nature and amount of the various metabolic end-products, normal or pathological, which converge into and appear together in the highly complex excretion of the kidneys. Cambridge, 1994, ch. 4 .)
The great importance of this point of view has led perhaps to undue neglect of a second aspect of the subject-the consideration of the renal excretion as a complex whole; as a chemical fluid with individual characters of its own; characters which are not to be foretold from a knowledge of the nature and amount of each constituent considered separately, but require for their explanation the further consideration of the mutual effects of the constituents one upon another, as they exist side by side in solution.13
Hopkins went on to state that, while the study of metabolic products relied mainly on the techniques of analysis, the study of the urine as a whole relied also on knowledge of conditions of equilibrium in complex solutions: organic analytical chemistry was to be joined by the new physical chemistry of Svante Arrhenius, J H van't Hoff and Walther Nemst, the chemistry that deals with "the distribution of chemical forces : 190-210; 1914, 11: 188-212; 1915, 12: 187-209 ; Fortschritte der Thierchemie, the leading review 1916, 13: 195-218; and 1917, 14: 171- This hypothesis is consistent with the timing of Hopkins' earliest promotion in a public forum of biochemistry for its own sake, at the 1913 meeting of the British Association. As Section President for that year, he knew that he would be presenting the traditional presidential address to the Physiological Section. He chose to speak, not about subjects of immediate interest to physiologists, but about the directions that the new field of biochemistry should take, trying to appeal to young chemists in particular. In view of the high level of publicity conventionally given to the annual meetings of the British Association, Hopkins could be confident that reports of his lecture would reach a wide public. The contents of his address could certainly be expected to become known to those in positions of authority over science policy, and also to the potential recruits to biochemical research that Hopkins sought to inspire.
Accordingly The Dynamics of Glutathione According to Hopkins, the sulphydryl group of the cysteine component of glutathione in its reduced state acts as a hydrogen "donator", while the disulphide group of its oxidized form acts as a hydrogen acceptor. Because of these properties, glutathione, depending on its state of oxidation, could mediate and control oxidation/reduction reactions involving other molecules. It was tremendously exciting to Hopkins that such a simple molecule as glutathione could play .such a fundamental role in the dynamics of the cell.32 Glutathione provided a perfect exemplar of his conviction that biochemistry is concerned with simple molecules undergoing comprehensible reactions, underlying fundamental biological processes. Immediately, he began to present biological oxidation in his public lectures as a particularly fundamental problem in metabolism.33 Oxidation reactions are of fundamental importance, Hopkins stated, because they yield energy to the cell. They pose a problem, because these oxidations ultimately depend on molecular oxygen but involve molecules which do not react directly with molecular oxygen. Intermediary oxidations and associated reductions, catalysed by a host of specific enzymes, were being investigated intensively. To Hopkins, the finding of an non-enzymic tissue constituent that could act both as a hydrogen donor and as a hydrogen acceptor suggested an important role for at least one mechanism with more general oxidative functions.
When Gewebe, 1926, 13: 134-90 . See also the lecture by one of Kluyver's most influential disciples, C B van Niel, 'The "Delft School" and the rise of general microbiology', Bact. Rev., 1949, 13: 161-74 setting in, expressing satisfaction also at the "magnificent endowment" (and the implicit recognition) that the subject of biochemistry had just received in Cambridge with the newly opened Dunn Institute. While he presented this borderland science as "a fitting meeting place for many minds and for many university faculties", Hopkins also stated that it "calls for special discipline and for special equipment".55 The force of the metaphor, then, is that this borderland brings together chemists and biologists to engage in pursuits that are distinct from practices in the bordering nations: biochemistry is special.
As Hopkins suggested in 1927, biochemistry is special because the inhabitants of this borderland must be capable of learning the language and methods of both chemistry and biology.56 The chemist may be best equipped to cultivate its soil, but "it is the biologist who best knows the lay of the land". The advance of biochemistry should encourage biologists to picture always "the molecular events which underlie the changes of form and visible appearances which interest them" and it should persuade chemists that the study of molecular events becomes especially interesting when these events are "organised and coordinated in systems involving changing form and elaborate structure".
In this instance, Hopkins' stress on the benefits that the borderland of biochemistry can bring to chemists and biologists alike served a specific function. The bulk of the lecture is devoted to a critique of organicism. To this end, Hopkins stressed that biochemistry is neither simply a branch of applied chemistry, nor does it assume the whole organism to be an irreducible entity (an assumption that would imply the futility of biochemical endeavour). Instead, the borderland of biochemistry combines the aim of describing the activities of living organisms in terms of physics and chemistry with a biologically informed appreciation of the organization of the living organism. While the crossing of frontiers carries the risk of producing "a confusion of tongues", 57 special training can be directed at mutual comprehensibility among the inhabitants of a borderland. In pursuing this aim, biochemistry is uniquely capable of providing descriptions that "possess the merits due to the use of a more universal scientific language".58
The thesis that borderlands have their own special problems, techniques and training can be used to set these regions apart from the neighbouring nations, as Hopkins did on one occasion. Towards Its own special endeavour as a borderland science must be to study the chemical dynamics of living systems, to follow so far as may be possible the function and fate of each constituent amid the multitudinous reactions which underlie the manifestations of life, and the mechanisms which control these reactions.60 This very specialization, however, increased the biochemist's reliance on the organic chemist:
If he has spent his time in making himself a good biochemist on the lines I have defined, he must usually remain at best an amateur in dealing with the problems of molecular structure. There was never a case in which progress can be better secured by a wise division of labour.61
Hopkins ended by welcoming the fact that eminent organic chemists had turned their attention to the structure of substances of biological importance, mentioning recent successes with hormones and vitamins in particular. He added pointedly, however, that physiologists and biochemists had first discovered the existence of these substances and studied their functions, implying that the reliance worked both ways. On this occasion, the "borderland science" of biochemistry was clearly presented as being autonomous with respect to organic chemistry, but still Hopkins implied that specialization and division of labour should not lead to closed borders.
For Hopkins, borderlands were fertile precisely because borders were not closed. He stressed the metaphoric fertility of borderlands from his Huxley Lecture of 1924 to his Linacre Lecture of 1938: not only do explorers of scientific borderlands "usually find work to do which would not be done by those whose main interests are confined to one of the fields in question", 62 it is in such fertile soil that conceptual innovation is to be expected: "where sciences meet there growth occurs ... In scientific borderlands not only are facts gathered that are often new in kind, but it is in these regions that wholly new concepts arise."63 Even in 1938, Hopkins still expressed the hope that his younger colleagues in biochemistry "will always justify their special designation and strive as far as is humanly possible to be biologists as well as chemists".64
In conclusion, the borderland metaphor, as used by Hopkins, served purposes of unification in the sense that the coming together of chemists and biologists creates a new, unified science of life. Simultaneously, the metaphor served purposes of demarcation in the sense that this new science of life is distinct, in its practices and concerns, from both mainstream chemistry and mainstream biology. It is distinct precisely because it unifies and unification brings novelty. Even when Hopkins stressed the special features of his borderland science, however, demarcation never took the strong form of erecting impenetrable frontiers. The crossing of its borders from neighbouring domains makes the borderland fertile and creates the conditions for the union of chemical skills ', Lancet, 1938, ii: The Uses of History Unification also featured prominently in Hopkins' appeals to history, which were legion in his writings and public lectures. From 1913 until the late 1930s, he looked at the past, presenting the achievements of investigators such as Friedrich Wohler, Justus Liebig and Felix Hoppe-Seyler as a progressive movement towards the kind of programme he was promoting: a programme which Hopkins presented, not simply as a further step along a linear route of progress, but as a novel synthesis of earlier developments, a synthesis which should guide biochemical research henceforth. By analogy with his use of the borderland metaphor, Hopkins used history to bring traditions together, and yet set dynamic biochemistry apart as a distinct, new endeavour.
Hopkins conveyed this central message by pointing out the limitations of nineteenthcentury approaches to the chemistry of life, and by setting up in contrast recent insights gained in the study of the chemical dynamics of biological processes.65 The limitations of earlier approaches that Hopkins highlighted were numerous and operated on several different levels. In 1913, he attributed the slow progress made in animal chemistry since the pioneering work of Liebig mainly to the shortage of workers in the field, and this he attributed, in turn, to general trends in organic chemistry: in the nineteenth century, organic chemistry was advanced above all by building the foundations of structural theory and by perfecting the art of synthesis. On the other hand, regions important for biochemistry were left unexplored. Notably the art of analysis of organic substances present in complex mixtures lagged behind. In addition, despite the important work of Thomas Graham, chemists devoted little effort to the study of colloids, and it was, after all, the colloidal state of matter which "dominates the milieu in which vital processes progress".66 Furthermore, after the work of Berzelius, organic chemists long neglected the study of catalysis, while it was now recognized that the influence of catalysts "is responsible for all chemical change as it occurs in living matter'.67 Change had set in, however, not only in the form of new analytic work on biological materials, but also in a greater emphasis on dynamics:
In numerous centres, instead of only in a few, quite other aspects of [organic chemistry] were taken up: in particular, the study of the dynamic side of its phenomena. The historian will come to recognise that a considerable revolution in the chemical mind coincided roughly with the beginning of this century.68
In the 1913 address Hopkins also criticized the nineteenth-century notion that the unit of living matter is a very large and labile molecule, an assumption which he considered "inhibitory to productive thought".69 In contrast to this view, Hopkins presented the living cell as a highly differentiated system of co-existing phases of different constitutions, the dynamics of which could be elucidated by the biochemist. Bringing together the resources of organic and physical chemistry enabled the biochemist to investigate the cell with 65 biochemistry, 1910 -1930 ', Ann. Sci., 1990 139-50. On the significance of the colloidal geography of the cell for the Cambridge school of biochemistry, see M Teich, 'From "enchyme" to "cyto-skeleton": the development of ideas on the chemical organization of living matter', in M Teich and R M Young (eds), Changing perspectives in the history ofscience: essays in honour ofJoseph Needham, London, Heinemann, 1973, pp. 439-71, especially pp. 461-71. Hopkins was also struck by Graham's explicit distinction between the colloidal and the crystalloid states of matter as being "dynamic" and "static", respectively.
Justus Liebig (1803-1873), regarded by Hopkins as "the father of modem animal chemistry".74 However, Hopkins also criticized Liebig's "proteid theory" and thought that Liebig's work on animal nutrition had a very flimsy experimental basis.75 This verdict has interesting bearing on the depictions, which focus on Liebig's work in agricultural chemistry rather than animal nutrition. In the book represented here, Agricultural chemistry (1841), Liebig did plead for the importance of chemistry for physiology, but it is Liebig's Animal chemistry (1842), which is commonly hailed as having heralded the scientific study of animal nutrition and metabolism. It is plausible that Hopkins did not wish to honour the flawed studies of "metabolism in block" presented in the latter work. The stress on agriculture in the carving is reinforced by the sheaves of corn. Strikingly, Liebig the chemist is surrounded by biological objects; the prime message is one of unification.
Louis Pasteur (1822-1895), admired by Hopkins for having transformed medicine through his fundamental scientific contributions.76 This carving, uniquely among the four, depicts both chemical and biological research objects. Notable are the two dissymmetric forms of paratartrate crystals77 which Pasteur was the first to separate from "racemic acid" and which formed the basis for his theory of molecular dissymmetry. Pasteur's studies of these crystals were initially undertaken entirely from a physicochemical perspective, but, they provided a bridge with the biological domain when he showed that only one of two dissymmetric forms of certain organic molecules is used as a nutrient by microorganisms. The carving further depicts grapes, alluding to Pasteur's studies of microbial diseases of wine (possibly even to "racemic acid"), and a barking dog, referring to Pasteur's work on the rabies vaccine. Here both chemistry and biology are represented through the work of one man.
When Hopkins commissioned the carvings in the early 1920s, he clearly wished to portray a tradition for biochemistry, as a subject with twin roots in chemistry and biology. There are visual hints that these roots were beginning to merge in the case of Liebig and Pasteur. (The top corners of the carvings, depicting illumination from candle flames to blazing torches, even suggest progressive enlightenment.) Hopkins' perception of the limitations of that merging became explicit later, when he criticized both Liebig and Pasteur for failing to achieve a true synthesis between chemistry and biology. Liebig became his most prominent example of a chemist who lacked "physiological knowledge" and "a biologist's instincts", who remained a chemist through and through without ever showing any scientific appreciation of the problems of biological organization.78 Pasteur's failing was the opposite: once Pasteur entered the biological domain after his researches in physical chemistry, Hopkins claimed, he became "almost too much the biologist".79 In particular, Pasteur held that, except for inputs and outputs, the chemical reactions of metabolism could not be studied meaningfully in isolation from the living organism as a whole.
In both cases, the intellectual obstacles had been broken down by the new biochemistry, which Hopkins throughout presented as a product of the twentieth century. As he put it in 1933:
As a progressive scientific discipline [biochemistry] belongs to the present century. From the experimental physiologists of the last century it obtained a charter, and, from a few pioneers of its own, a promise of success; but for the furtherance of its essential aim that century left it but a small inheritance of facts and methods. did Hopkins apparently feel the need to continue making propaganda for biochemistry throughout the 1920s and 1930s? One might expect Hopkins to have felt reasonably confident about the survival of the discipline in Cambridge. Research at his institute was thriving, its teaching programmes were well entrenched in the University, and over the years his younger colleagues had been putting the principles that he advocated into practice with unquestionable commitment. They had also contributed actively to the dissemination of dynamic biochemistry, not least through the widely read books they published.83 Yet Hopkins' propaganda continued, right up to his last major public address, the Linacre Lecture of 1938, which has the highly significant title of 'Biological thought and chemical thought: a plea for unification '.84 Given that Hopkins was already well into his seventies when he presented many of his later addresses, the suspicion may arise that he was simply getting old and beginning to repeat himself, trying to fight battles that had already been won. His lectures from the 1930s, however, do not read at all like the tired repetitions of an eminence grise well past his prime; they are fresh and full of vigour. The question arises, then, what was driving Hopkins? We suggest that Hopkins continued to feel the need for "evangelism" precisely because his prime concern was the promotion of a distinctive approach to biochemistry which not only remained atypical, but which was not properly understood even by Hopkins' closest peers among the British scientific establishment.
Despite the international reputation which Hopkins and his colleagues in Cambridge enjoyed, and despite the influence which his school had on students and on visiting scientists, Hopkins' unified dynamic biochemistry did not in the interwar years serve as a model that was, in practice, emulated widely elsewhere. Moreover, as we aim to show in our second paper, outside Hopkins' institute dynamic biochemistry was Hopkins' advocacy of the study of biochemical processes across different species, from bacteria to mammals, here served the specific purpose of raising the status of biochemistry among physiologists.89 "General biochemistry" was presented as offering the only route towards fundamental generalizations applying across the living world. Underlying this promise was Hopkins' conviction of the fundamental unity of biochemical processes. As we have shown, however, Hopkins' stress on this particular form of unification came relatively late, in the course of the 1920s. Scientifically and rhetorically, "general biochemistry" represents a later stage, if an important one, in Hopkins' construction of dynamic biochemistry. In presenting this construction as a process over time, we hope to have conveyed a more dynamic picture of Hopkins himself.
Conclusion
We have attempted to show in this paper that Hopkins' construction of dynamic biochemistry as a fundamental and unifying science of life was a dynamic process, in which new directions of research that he (and his immediate colleagues) pursued were, over time, coupled to new emphases in rhetoric. Hopkins continued to make propaganda for dynamic biochemistry in a remarkably persistent way, even long after he had acquired his own department where dynamic biochemistry flourished. Our interpretation of this persistence is that discipline building in the institutional sense may have been less central to Hopkins' endeavours than has been thought. We shall examine this issue further in our second paper, where we consider the images of Hopkins that were constructed by others in his circle, and how these images have informed historians. Here 
